INTRODUCTION {#s1}
============

Artificial selection is the process of intentional or unintentional modification of individuals in a population through human action, resulting in phenotypic evolution of plants and animals. For plants, key events in the advancement of human civilization were the domestication of crop plants from wild progenitor populations and improvement through crop breeding. Crop varieties consequently experienced strong selection at genes controlling agronomically important traits. Therefore genes that are identified as targets of artificial selection can be assumed to be important genetic factors controlling agronomic traits ([@MCM173C45]; [@MCM173C57]).

An essential goal for plant geneticists is to identify and characterize the genes responsible for phenotypic variation. Using this knowledge, plant breeders can improve crop varieties for key agronomic traits. To determine genomic regions contributing to agronomic traits, gene and quantitative trait locus (QTL) mapping has been conducted, but this approach has rarely led to candidate gene isolation. In domesticated plants, only a limited number of such genes have been isolated and characterized based on information from gene/QTL analysis \[examples include: *fw2·2* in tomato ([@MCM173C13]), *Hd1* in rice ([@MCM173C58]), *tga1* in maize ([@MCM173C48]) and *Gn1a* in rice ([@MCM173C1])\]. Another promising approach -- association analysis ([@MCM173C44]) -- searches for a significant correlation between genotype and phenotype and helps identify the genes that control phenotypic variation. Both gene/QTL and association approaches depend on segregating phenotypic and molecular genetic variation, and multiple functional alleles may be segregating among modern maize lines. In contrast, genes that have experienced strong artificial selection may have retained only a single functional allele. Therefore, gene/QTL and association methods among cultivars may miss this interesting class of genes, i.e. those genes that lack genetic diversity because of their history of selection.

The loss of genetic diversity in crop varieties involves not only directional selection but also population bottleneck effects in a species specific manner. Bottlenecks affect all genes in the genome and modify the distribution of genetic variation among loci. In particular, recent population bottlenecks reduce genetic diversity relative to an ancestral population, cause an excess of high frequency polymorphisms ([@MCM173C40]), and increase levels of linkage disequilibrium (LD) among polymorphic sites ([@MCM173C36]). The magnitude and variance of the reduction in genetic diversity reflect the demographic history of the species. To be considered a selected gene, a candidate gene must exhibit a loss of genetic diversity greater than can be expected from bottleneck effects alone ([Fig. 1](#MCM173F1){ref-type="fig"}). On the other hand, genetic diversity in neutral and unselected genes is expected to be reduced only by bottleneck effects, thereby retaining more diversity than selected genes ([Fig. 1](#MCM173F1){ref-type="fig"}). These facts lead directly to the prediction that genes strongly impacted by domestication and plant breeding are enriched in the subset of genes that exhibit low genetic diversity in modern improved varieties. Note that this model in [Fig. 1](#MCM173F1){ref-type="fig"} can be proposed for species such as maize that had a single domestication event ([@MCM173C30]). If a crop species has experienced multiple independent domestications such as rice ([@MCM173C28]), one should propose multiple models similar to [Fig. 1](#MCM173F1){ref-type="fig"}. We acknowledge that the model in [Fig. 1](#MCM173F1){ref-type="fig"} represents a gross oversimplification of the second bottleneck for crop improvement which occurred multiple times on different subsets of landrace germplasm.

![Effect of artificial selection on the genetic diversity of maize genes ([@MCM173C57]). Artificial selection in maize can be divided into two stages: domestication and improvement (plant breeding). The coloured circles represent different alleles. The shaded areas indicate bottleneck effects placed on all genes by the processes of domestication and improvement. The model assumes that there will be three types of genes; neutral (unselected) genes that show reduction of diversity by the general bottleneck effects, domestication genes in which diversity is greatly reduced by selection between the teosintes and landraces, and improvement genes in which diversity is greatly reduced by selection between the landraces and inbreds.](mcm17301){#MCM173F1}

How can one conduct a comprehensive search for selected genes? This review is a report on new methodologies to identify this selected class of genes that contribute to agronomic traits in maize (*Zea mays* L. ssp. *mays*).

MAIZE DOMESTICATION {#s2}
===================

Maize was domesticated from its wild progenitor teosinte. Teosinte is the common name for annual and perennial species of the genus *Zea* native to Mexico and Central America: *Z. diploperennis* Iltis, Doebley & Guzman, *Z. perennis* (Hitchc.) Reeves & Mangelsdorf, *Z. luxurians* (Durieu & Ascherson) Bird, *Z. nicaraguensis* Iltis & Benz, *Z. mays* ssp. *mexicana* (Schrader) Iltis, *Z. mays* ssp. *parviglumis* Iltis & Doebley and *Z. mays* ssp. *huehuetenangensis* (Iltis & Doebley) Doebley (reviews in [@MCM173C7]; [@MCM173C29]). By using microsatellite data of diverse maize landraces and the three wild taxa of *Z. mays*, [@MCM173C30] revealed that *Zea mays* ssp. *parviglumis* is the ancestor of maize and supported a single domestication event in southern Mexico. For this review, teosinte hereafter refers to *Zea mays* ssp. *parviglumis*. By these molecular data and archaeological records, the maize domestication event is estimated to be between 6000 and 9000 years ago ([@MCM173C35]; [@MCM173C30]).

Maize and teosinte differ in many aspects of plant morphology and productivity. For example, long lateral branches are observed in teosinte. These lateral branches are tipped with tassels (male inflorescence) in teosinte whereas maize reveals short ear (female inflorescence)-tipped lateral branches. Teosinte has a small number of kernels per ear (about 5--12) and the kernels were enveloped by a stony casing. Maize can produce 500 or more kernels per ear, which are naked without the hard seed coat; making it easy to harvest and consume. At maturity, the teosinte ear disarticulates to disperse the seeds whereas maize kernels remain firmly attached to the cob (non-shattering).

The maize domestication event resulted in the original maize landrace varieties, which were spread throughout the Americas by Native Americans and adapted to a wide range of environmental conditions ([@MCM173C38]). Starting with landraces, 20th century plant breeders selected maize inbred lines for use in hybrid maize production ([@MCM173C47]). They improved yield, resistance to biotic and abiotic stresses and seed nutritional quality. However, despite its selection history, most maize genes retain high levels of nucleotide diversity ([@MCM173C41]; [@MCM173C55]; [@MCM173C57]).

Several maize genes affected by artificial selection have already been identified: *c1* ([@MCM173C16]), *tb1* ([@MCM173C50]), *su1* ([@MCM173C52]), *Y1* ([@MCM173C34]), *ba1* ([@MCM173C14]) and *tga1* ([@MCM173C48]). These genes were isolated by transposon tagging or QTL mapping and map-based cloning in crosses between maize and teosinte, and subsequently confirmed for selection in DNA sequence diversity using diverse maize lines and teosinte accessions. *tb1* (*teosinte branched1*) controls lateral branch morphology ([@MCM173C10]). [@MCM173C50] examined sequence polymorphisms in *tb1* in maize landraces and teosintes, and defined the gene region selected by domestication. It is the 5\' regulatory, not the protein-coding region that exhibits a severe loss of diversity in maize landraces relative to teosintes. In the limited examples (*tb1* and *tga1*) examined in maize to date, the region of reduced polymorphism is short, presumably reflecting high effective rates of recombination as maize is an outcrossing species. This results in high resolution to delimit the region under selection and aids in confirmation of a single gene as the target of selection. Another domestication gene *tga1* (*teosinte glume architecture1*) controls the hardened and protective casing that envelopes the kernel in teosinte ([@MCM173C48]). The candidate region was narrowed within about 1 kb by a map-based cloning strategy. Seven fixed single nucleotide polymorphisms (SNPs) were identified between maize landraces and teosintes: one nonsynonymous substitution (i.e. amino acid substitution) and six SNPs in the 5\' side of the promoter region.

TEST FOR ARTIFICIAL SELECTION {#s3}
=============================

The neutral theory of [@MCM173C24] proposed that most of polymorphisms are selectively neutral and their evolutionary fate is determined by genetic drift. The neutral equilibrium model was established based on this theory and assumes random mating and constant long-term population size. This model provides a basis for null hypotheses. The search for selection using patterns of DNA sequence diversity involves detecting inconsistency in the pattern of genetic polymorphism compared with the expectation of the neutral equilibrium model. There are three types of natural selection: positive selection (sometimes referred to as directional selection), negative selection (referred to as purifying selection) and balancing selection. Positive selection favours a mutation and therefore the allele frequency shifts in one direction. Artificial selection is a form of positive selection. Positive selection results in a reduction of DNA sequence diversity at the target of selection and in a region neighbouring the target. Negative selection is the selective removal of deleterious mutations or alleles from a population, leading to a reduction in genetic diversity. Balancing selection represents the long-term selective maintenance of multiple alleles, and this process elevates sequence diversity.

There are several molecular population genetics tests to infer positive selection in plants ([@MCM173C54]). Tajima\'s *D* ([@MCM173C40]) measures the frequency spectrum for sequence polymorphism: the difference between θ derived from number of segregating sites ([@MCM173C51]) and π from the average number of pairwise nucleotide differences ([@MCM173C39]). Under the neutral equilibrium model, the Tajima\'s *D* statistic is expected to be zero. However, because π incorporates frequency information while θ does not, departures from the standard neutral model affecting the frequencies of mutations will lead to non-zero values. A negative value of Tajima\'s *D* statistic indicates an excess of rare sequence variants and thus the possibility of recent positive selection as new polymorphisms accumulate as rare variants post-selection. In contrast, a positive value of Tajima\'s *D* suggests balancing selection because the long-term maintenance of distinct haplotypes can lead to an excess of intermediate frequency variants.

Another test for selection, the HKA (Hudson--Kreitman--Aguadé) test requires an outgroup sequence to compare rates of divergence between species to levels of polymorphism within species ([@MCM173C21]), compared with neutral genes. Under the neutral equilibrium model, all loci should have an equivalent ratio of polymorphism to divergence, since both depend on the underlying mutation rate. The number of intraspecific polymorphisms is compared between a putatively selected gene and the reference neutral gene by the χ^2^ test ([Fig. 2](#MCM173F2){ref-type="fig"}A). If a gene has significantly reduced intraspecific polymorphisms relative to divergence (i.e. observed *S*~g~ of gene tested compared with expected *S*~g~ in [Fig. 2](#MCM173F2){ref-type="fig"}A), it is evidence that the polymorphism level has been diminished by directional selection. Recently, multilocus data have been generally used to detect a significant difference among loci because it is difficult to reject the neutral equilibrium model at a single locus, and the results of pairwise tests can be dependent on the choice of putative 'neutral' locus ([@MCM173C49]; [@MCM173C53]). Simulation studies have demonstrated that the HKA test is an appropriate and powerful tool to find genes affected by artificial selection ([@MCM173C23]).

![Hudson--Kreitman--Aguadé (HKA) test (A) and coalescent simulation test (B) ([@MCM173C55]; [@MCM173C57]). (A) The HKA test considers whether a gene of interest is selected using a maize neutral gene as reference and *Tripsacum dactyloides* as outgroup species. *S*, The number of segregation sites; *D*, divergence from *T. dactyloides*. Subscripts 'g' and 'n' exhibit belonging to gene tested and neutral genes, respectively. (B) Coalescent model with a population bottleneck. *N*~a~, The ancestral population size; μ, the mutation rate; ρ, the population-recombination parameter ([@MCM173C20]); *t*, the time of the split between maize and teosinte; *d*, the duration of the maize population bottleneck; *k*, the severity of the bottleneck; *N*~b~, the population size of maize during bottleneck; *N*~p~, the present size of maize.](mcm17302){#MCM173F2}

The neutral equilibrium model assumes a constant long-term population size. However, crop species have experienced population bottlenecks during domestication. Bottleneck effects can increase the variance in sequence diversity across loci and skew the frequency spectrum. To address this problem, coalescent simulations (CS) construct and analyse random genealogies incorporating mutation, recombination and demographic history of the species under study. Coalescence in genealogical trees means to merge ancestral lineages going backwards in time ([@MCM173C25]; [@MCM173C18]*a*, *b*; [@MCM173C39]).

Coalescent simulations were used to fit the best model of a population bottleneck leading to maize, and this model was then used as the 'null' model in which to test for artificial selection on a subset of genes. The coalescent model incorporates information about maize demographic history, such as the domestication time approx. 7500 years ago ([@MCM173C12]; [@MCM173C42]) and the inference of a single domestication event ([@MCM173C30]) ([Fig. 2](#MCM173F2){ref-type="fig"}B). The model assumes a simple population split at time *t* = 7500 generations, with one population undergoing a bottleneck of size *N*~b~ and duration *d*. Genetic diversity data from teosinte is used to control for variation in stochastic effects, mutation rates and recombination rates among loci. The primary parameter of interest is bottleneck severity *k*, which is the ratio of the size of bottlenecked population *N*~b~ to duration of the bottleneck *d* in generations ([Fig. 2](#MCM173F2){ref-type="fig"}B). By varying this parameter, the likelihood of a given bottleneck model was estimated by calculating the proportion of simulations which fit with the observed maize diversity data for each locus. By rejecting simulations which did not show a good fit with the observed teosinte data, the analysis incorporated the ancestral diversity data into the model. Maximum likelihood methods estimated *k* at 2·45 for the full dataset ([@MCM173C55]). The simulated data under the estimate of 2·45 are generally consistent with the observed data on genetic diversity, recombination and the SNP frequency spectrum ([@MCM173C55]), suggesting that the demographic model explains most features of the data. If the maximum estimate of *d* for the domestication of maize is \<2800 years ([@MCM173C12]), assuming one generation per year for an annual plant, *N*~b~ is 6860 chromosomes. This implies fewer than 3500 individuals, or \<10 % of the teosinte population ([@MCM173C17]; [@MCM173C45]*a*) was involved in the domestication event. Simulations can then be used to test whether the loss of diversity in maize inbreds *vs*. teosintes and maize landraces *vs*. teosintes at a particular gene is too great to be explained by demographic effects alone. One can identify a candidate gene that experienced artificial selection during domestication and/or plant breeding if inbreds *vs*. teosintes were significant for selection. A candidate 'domestication' gene was identified if the gene was significant for selection in both landraces *vs*. teosintes and inbreds *vs*. teosintes whereas a candidate 'improvement' gene was inferred if inbreds *vs*. teosintes, but not landraces *vs*. teosintes, were significant ([Fig. 1](#MCM173F1){ref-type="fig"}; [@MCM173C55]; [@MCM173C57]). For identification of an improvement gene, the CS test cannot be applied directly between landraces and inbreds because the ancestral population in our CS test follows the neutral equilibrium model: maize landraces are unreasonable to fit the neutral equilibrium model because they have recently experienced a population bottleneck.

GENOMIC SCREENING FOR ARTIFICIAL SELECTION IN MAIZE GENOME {#s4}
==========================================================

Two large-scale screens were conducted to discover genes responsible for artificial selection in maize ([@MCM173C55]; [@MCM173C57]). [@MCM173C55] sequenced regions of 774 randomly selected maize genes in a sample of 14 maize inbred lines and 16 inbred teosintes. Simple sequence repeat (SSR) polymorphism data was used to choose 14 maize inbreds lines with maximum allelic diversity ([@MCM173C27]). The 16 teosinte accessions were chosen based on geographic criteria to represent all areas where *Z. mays* ssp. *parviglumis* is found. This sample of maize inbreds has 57 % of SNP variability found in the teosinte sample, consistent with a population bottleneck during domestication and maize improvement. Also, the distribution of Tajima\'s *D* statistic ([@MCM173C40]) in maize inbreds and teosintes revealed the expected shift towards a higher frequency of rare variants as expected after a recent bottleneck. Using a novel CS approach, [@MCM173C55] determined by a likelihood ratio test that the multilocus data are best explained by the presence of two classes of genes: non-selected genes that have experienced the neutral bottleneck and selected genes that have a more severe bottleneck. The class of selected genes has undergone a severe bottleneck of more than ten times the intensity of non-selected genes. Under this model, the likelihood analysis estimates that 2--4 % of maize genes have been selected during domestication and maize breeding. If it is assumed that the sample of genes is representative of the maize genome and if maize contains 59 000 genes ([@MCM173C31]), a minimum of 1200 genes (≈59 000 × 2 %) throughout the genome have been targets of selection. A number of candidate genes selected in this study ([@MCM173C55]) map near QTLs for phenotypic differences identified between maize and teosinte ([@MCM173C11]; [@MCM173C8], [@MCM173C9]). The combination of QTL mapping from crosses between domesticated species and the wild ancestor with 'selective sweep mapping' thus provides a powerful approach for narrowing down genomic regions that have been targets of artificial selection.

Because the first genomic screening indicated only 2--4 % were selected, [@MCM173C57] proposed a more efficient screen for the identification of genes affected by artificial selection. [@MCM173C57] obtained sequence alignments at 1095 randomly selected maize genes using a sample of 14 maize inbred lines and identified 35 genes with zero SNP diversity as potential targets of selection. From [Fig. 1](#MCM173F1){ref-type="fig"}, note that genes strongly impacted by selection are enriched in the subset of genes that exhibit very low genetic diversity in modern inbreds. Although the lack of nucleotide diversity in these genes could reflect a history of selection during domestication or improvement, the low diversity in maize could also reflect low diversity in teosinte and/or the demographic effects of domestication, plant breeding and/or chance events (e.g. genetic drift). In order to distinguish between selection and other effects and also to determine if selection occurred primarily during domestication or crop improvement, [@MCM173C57] sequenced the same region of these 35 genes in the 16 teosinte accessions and 16 diverse maize landraces. The 16 maize landraces represent all areas in which maize was grown at the time of the discovery of the New World ([@MCM173C41]). They identified 17 of 35 genes as candidates for selection by either CS or HKA analysis. There were four domestication and four improvement genes identified in common between the CS and HKA analyses. One limitation to these approaches for identifying selected genes is that the short length of the alignments (generally 300--500 bp) restricts the power of the approach. Longer sequences would increase the power to identify selection. [@MCM173C57] performed extended sequence analysis of the eight genes positive for selection by both CS and HKA to demonstrate that the false-positive rate was low. In [Fig. 3](#MCM173F3){ref-type="fig"}, the sliding-window graph of sequence diversity in an auxin response factor gene is shown as an example of evidence for strong selection throughout the entire gene. The relative ratio of sequence diversity measure π ([@MCM173C39]) at all nucleotide sites in inbred/teosinte was 0·005, indicating that the inbreds have lost 99·5 % of genetic diversity present in the teosinte sample. The extended sequencing clearly confirmed this candidate as a selected gene. Since longer sequencing could not necessarily increase the accuracy of identifying selected genes ([@MCM173C57]; [@MCM173C43]), the remaining genes with low sequence diversity in maize inbreds are potential selected genes.

![Sliding-window analysis of the genetic diversity π of *auxin response factor 1*-like gene (AY107195) in maize inbreds and teosintes. This gene experienced selection throughout the entire gene sequence. For sliding-window analysis, π was calculated for segments of 100 bp at 10-bp intervals. Horizontal and vertical axes on the graphs indicate DNA sequence position and genetic diversity π, respectively. Red and blue lines indicate genetic diversity in inbreds and teosinte, respectively. For gene structure under the sliding-window graphs, white bars indicate the predicted exons and black lines indicate introns or genomic regions. Left-pointing arrows and right-pointing arrows indicate the positions for predicted start codons and stop codons, respectively. The lines with a double arrow under the gene structure indicate the sequencing regions in initial short screening.](mcm17303){#MCM173F3}

FUNCTIONS OF SELECTED GENES IN MAIZE {#s5}
====================================

From the candidate selected genes identified in maize ([@MCM173C55]; [@MCM173C57]), a homology search provided clues to the functions and traits under selection. Several candidate genes are involved in plant growth, e.g. auxin response factor and GTP binding protein, suggesting a contribution to the morphological difference between maize and teosinte. Other candidates are associated with amino acid biosynthesis and protein catabolism. Amino acid composition is different among maize inbreds, landraces and teosinte accessions (S. A. Flint-Garcia and M. McMullen, unpubl. res.). Thus, nutritional quality may have been a major target of human selection. This result complements the finding that many genes in the starch synthesis pathway in maize also show evidence of human selection ([@MCM173C52]). One candidate gene shows homology to circadian clock genes and may have been selected for an aspect of maize maturity. Another candidate gene encodes a putative methyl binding domain protein. DNA methylation is a common factor in epigenetic gene regulation in plants ([@MCM173C2]). Several candidates have no homology to known genes and protein. One of the advantages of an unbiased genomic scan is that genes of unknown function can be identified as selection candidates. The results suggest that genes controlling a wide range of traits have been targets of selection. Selective sweep mapping thus functions to further delimit regions identified by QTL approaches, and also provides new testable hypotheses about the physiological and biochemical targets of artificial selection.

APPLICATION OF THESE APPROACHES TO OTHER CROP SPECIES {#s6}
=====================================================

These approaches may be applied to other crop species but specific demographic conditions must exist. First, there must be a high level of genetic diversity in the progenitor species. Also there must be a relatively relaxed bottleneck in domestication permitting a high level of diversity in neutral genes before the loss of diversity by selection can be detected. A second species-specific consideration is the degree of LD surrounding selected genes. In neutral genes in maize, even among diverse inbred lines, LD is generally less than a gene unit in length ([@MCM173C37]; [@MCM173C41]). Artificial selection is expected to increase LD at target genes relative to neutral gene. It is therefore striking that the selective sweep at *tb1* extended only 60--90 kb upstream of the gene and does not contain other genes ([@MCM173C6]). However, for the *Y1* locus, a gene under recent and strong selection in maize breeding programmes (an improvement selection), the effects of selection were evident up to 600 kb downstream of the target gene in the yellow endosperm subset of maize lines ([@MCM173C33]). If LD among cultivars is extensive in a genome-wide manner, it is impossible to tell targets of selection from neighbouring unselected genes.

The most rigorous search for signatures of selection in a crop other than maize has been conducted in sorghum (*Sorghum bicolor*). Despite scanning a total of 445 genes by SSR diversity ([@MCM173C4], [@MCM173C5]) or resequencing ([@MCM173C15]), unequivocal evidence of artificial selection was not demonstrated. The authors attribute this result to lower levels of sequence diversity in neutral genes in sorghum compared with maize and to genome wide departures from neutral frequency distributions indicative of a complex demographic history for cultivated sorghum. The search for selected genes is expected to be even more difficult in a species such as soybean (*Glycine max*) were the sequence diversity is extremely low in cultivars ([@MCM173C59]) and LD is extensive, even among landrace accessions ([@MCM173C22]). In comparing sorghum and soybean to maize, these differences in outcome are often attributed to sorghum and soybean being inbreeding rather than outcrossing. Inbreeding reduces effective recombination rates and therefore is expected to lead to reduced diversity and extensive LD. A study of wild barley (*Hordeum vulgare* ssp. *spontaneum*) accessions found almost identical sequence diversity and limited LD as in the maize progenitor teosinte ([@MCM173C32]). The similarity of barley to maize contrasts with extensive LD established in landrace and cultivars after domestication and crop improvement ([@MCM173C3]). Possibly more promising as an acceptable model for screens for selection is sunflower (*Helianthus annuus*) where the levels of diversity and LD in wild and cultivated accessions are similar to maize ([@MCM173C26]). Clearly, the applicability of genomic scans for selection depends on the mating system and demographic history of the species.

USE OF SELECTED GENES IN MAIZE IMPROVEMENT {#s7}
==========================================

Teosintes and maize landraces are potential genetic resources to improve key agronomic traits. Even though there is not yet an example for using alleles from teosintes to improve maize, beneficial alleles for agronomic traits for cultivated rice (*Oryza sativa*) were identified from a wild rice relative *Oryza rufipogon* ([@MCM173C56]). There are two approaches to reintroducing variation at selected genes into maize breeding. The alleles from teosintes at domestication genes and from landraces for improvement genes could be introduced into maize breeding programmes. It is specifically these genes that need to be added to maize breeding from exotic sources to broaden the genetic base of maize. Although the selected alleles were favoured within the populations under selection, there can still be promising unknown alleles that may improve agronomic traits. Alternatively, transgenic alteration of the expression patterns of selected genes can be tested for desired effects on the relevant agronomic traits.

The studies reported in this review depended on resequencing methods to determine polymorphism levels within taxa. With the advances in massively parallel sequencing methods we may soon be approaching the potential for complete gene content comparisons among cultivars and progenitors of crop plants, enabling a true genome search for adaptive genes. The ultimate value of these studies awaits demonstration that crop improvement can be advanced by manipulation of this interesting class of genes discovered by genomic screens for selection.
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